We evaluated the potential use of ants as a powerful tool for environmental monitoring, together with the applicability of the functional group approach as an alternative method for studying ant communities in cork oak woodlands. Variations in ant community composition, diversity and functional groups were studied in two cork oak forested sites across the Mediterranean region. Ants were sampled using pitfall traps placed along linear transects at 12 sites located in the main cork districts of Italy and Morocco (Gallura in Sardinia, and Maâmora, east of Rabat). A total of 13,501 specimens were collected, belonging to 38 species (five shared species). A distinct separation in the NMDS plots between Gallura and Maâmora ant assemblages was clearly visible. Ant species composition was widely different between the two districts and significant differences were detected within the Gallura district at the species level. Opportunist species were well represented in Gallura (about 27% of average BrayCurtis similarity) as well as cryptic species (over 23%). In the Maâmora forest, generalized Myrmicinae, hot climate specialists and opportunists contributed equally to the average similarity (together about 53%). Multi-scale ant diversity showed that the true turnover was higher in Gallura than in Maâmora. These findings support the idea that the functional group approach, rather than species diversity per se, could be considered as a valuable tool to detect the response of the ant community to environmental changes in Mediterranean cork oak woodlands. Using ants as bioindicators could help not only in detecting early warning signs of habitat disturbance, but also in defining a useful management strategy to increase the resilience of agroforestry systems under future global change scenarios.
Introduction
Cork oak (Quercus suber Linnaeus, 1753) is a typical evergreen species, which is found in mixed forests, woodlands and managed agroforestry systems in the western Mediterranean region (Bugalho et al. 2011 ). Considered as biodiversity hotspots, cork oak land use systems cover nearly 2.5 million ha in Europe and North Africa (Aronson et al. 2009 ). Cork oak agroforestry systems, commonly known as montados in Portugal, dehesas in Spain and azaghar in parts of Morocco, are important managed ecosystems, which represent the most extensive wood pastures in Europe. Cork oak woodlands have historically been subjected to intense disturbances, with a greater threat of deforestation in recent times (Aronson et al. 2009 ). Inadequate management and land overuse are the main triggers of several dynamic interactions that compromise the ecology and conservation of cork oak woodlands (Aronson et al. 2009 , Bugalho et al. 2011 . In the decades to come, the combined pressure of climatic change and anthropogenic impacts will likely exacerbate the effects of pests and pathogens, which in turn will increase the vulnerability of cork oak landscapes, thus accelerating tree mortality and limiting the natural regeneration.
Playing a key role in biodiversity, with a variety of specific responses to environmental stressors, macroinvertebrates have been extensively used as biological indicators in a vast range of habitats (Gerlach et al. 2013) . The role of ants as environmental indicators is thus becoming more important in assessing the ecological health of terrestrial ecosystems, mostly because of their high diversity and functional importance (Andersen et al. 2002 , Andersen & Majer 2004 , Ellison 2012 , Fisher et al. 2014 . Ants are well represented in almost all terrestrial habitats because of a wide range of thermal niches and their ability to cope in varying environmental conditions. Most studies focusing on the use of ants as bioindicators have been conducted in Australia, and North and South America, whereas less attention has been devoted to understanding the anthropogenic impact on European ant communities (Castracani & Mori 2006 , Ottonetti et al. 2006 , Castracani et al. 2010 , Azcarate & Peco 2012 , Satta et al. 2012 . The analysis of ant community structures in relation to habitat stress or disturbance could be a valuable tool to detect early environmental changes in diterranean habitats (Cammell et al. 1996 , Gómez et al. 2003 , Castracani et al. 2010 .
Species richness and other traditional diversity measures have been commonly used in several ecological studies concerning ants as model organisms (Castracani & Mori 2006 , Graham et al. 2009 ). Recently, there has been considerable interest in the use of a complementary approach based on functional groups to predict ant spatial patterns in disturbed landscapes. This approach has been used in Australia and North America to reduce the complexity of ant taxonomy, and could also be exploited as a reliable model for examining the ant community structure and its relationship with land use (Andersen 1995 , Bestelmeyer & Wiens 1996 , Andersen et al. 2002 . Since ant assemblages do not always follow a regular trend in response to environmental stress and disturbance, there is an urgent need for more studies focusing on species patterns, functional groups, diversity and dominance in order to provide a more accurate predictive understanding of the mechanisms that influence ant distributions in cork oak woodlands in warm-temperate regions.
In this study, we compared ant communities from cork oak woodlands in the main cork districts of Italy (Gallura, Sardinia) and Morocco (Maâmora forest), which represent two striking examples of contrasting forest-management models.
The Gallura cork oak district, with an area of about 39,000 hectares, is a semi-natural system in which agricultural and pastoral activities coexist with the cork oak industry. Depending on the prevailing land use (cereal grains for fodder, grazing, hunting, cork production), the structure of the Q. suber forests varies across the district. The forest ownership is fragmented and cork production, which is mainly located in rural marginal areas, is often considered as a secondary source of income. In parts of the Gallura district, there is a lack of natural regeneration (Rossetti & Bagella 2014) . Consequently, much effort and public funds have been devoted to improving woodland management practices.
The Maâmora forest is considered to be the largest existing managed cork oak woodland in the world, and represents a paradigmatic example of a forest subject to a dramatic human pressure due to overgrazing and intensive cattle breeding (Aronson et al. 2009 ). The cork oak forest, originally encompassing an area of 300,000 ha (Boudy 1950) , has now been reduced to less than 70,000 ha (Bugalho et al. 2011) . As in most other western Mediterranean countries, there is almost no natural regeneration in the entire Maâmora forest, and attempts have been made to reduce anthropogenic pressures through projects that encourage sustainable forest management (Besacier & Gallo Granizo 2014) . Artificial reforestation (with eucalyptus, pine and acacia) is largely practiced over the entire area, although much effort has been devoted to achieving a better cork oak protection and regeneration in recent decades (Aronson et al. 2009 ). In addition to their ecological role, cork oak woodlands are considered to be very important multipurpose systems in Morocco due to the wide range of goods and services they produce (wood products, cork, aromatic and medicinal plants, fodder for livestock, ecotourism). The dominance of cistus and asphodel, the decline in the abundance of plant and animal species, accompanied by the deterioration in the forest structure and the absence of natural regeneration, represent signs of land degradation in Maâmora (Nafaa 2002) .
The aim of our work was to compare the ant assemblages between the cork oak woodlands of the two sites in Morocco and Italy; to study how the diversity and faunal composition varied at different spatial scales; and how the functional group scheme could be adapted to Mediterranean ant assemblages.
Materials and methods

Study areas and ant sampling
The study was conducted in the main cork oak districts of Gallura (Sardinia, Italy) and Maâmora (Morocco). The Gallura cork oak district is located in a typical Mediterranean landscape in the north of Sardinia, at an altitude of 50-600 m a.s.l. The climate is Mediterranean, with mild winters, hot and dry summers; the rainfall distribution follows a typical Mediterranean pattern with a long dry season during the warmer months and a greater concentration in late autumn and early spring (average annual temperature 13.4 °C, average annual precipitation 785 mm).
In the Gallura area, soils are Eutric Leptosols (Costantini et al. 2012) The Maâmora forest is located within the two regions of Gharb-Chrarda-Béni Hssen and Rabat-Salé-Zemmour-Zaer in the north of Morocco (elevation 7-290 m a.s.l.). The climate ranges from sub-humid warm winters near the Atlantic cost to semiarid and more moderate winters in the central and eastern regions (mean annual temperature 20 °C, mean annual precipitation 400 mm).
Maâmora soils are classified as Chromic Luvisols (Dewitte et al. 2013) . The natural understory vegetation is extremely rich (Aafi et al. 2005) 
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Ants as bioindicators in cork oak woodland management tree crowns on the forest floor) was estimated for each site using Google Earth Pro (http://earth.google.com). All high resolution digital images (4800 × 2718 pixels) were processed to extract the canopy information from satellite images using the open-source GIMP v. 2.8 software (http:// www.gimp.org). The background represented by the ground, the bare soil and the understory vegetation was removed and digital images were turned into black-andwhite. Forest canopy cover was then estimated as the percentage of black pixels in the binary images (Stewart et al. 2007) .
At each site, we buried eight pitfall traps (polypropylene cups, 7 × 11.8 cm, diameter × depth) partially filled with a solution of water and monopropylene glycol (5/1, v/v) , and spaced approximately 10-15 m from each other along a linear transect. Grounddwelling ants were collected from 96 pitfall traps (2 cork oak districts × 6 transects × 8 traps = 96 traps). Pitfall-traps were checked and emptied once a month from April to October 2010, in order to take into account the different levels of catchability of the ant species throughout the cork oak vegetation season. The traps were operated for one week each month. At the end of each sampling week, all traps were replaced with identical traps with tight-fitting lids. In the following month, the covers were removed and the traps were reactivated. The "digging-in effect" and the disturbance of the surface around the traps were thus strongly reduced.
Specimens were collected and preserved in 70% ethanol, then taken to the laboratory for identification to the lowest taxonomic level possible. When necessary, specimens were compared with ant material deposited in the following institutions: Entomologia, Sassari (SPaVE) . Only the worker caste was considered in the analysis of counts and the nomenclature was based on AntWiki (2016) .
The comparison between the ant assemblages of the two districts was based on a species and functional group approach. Ants were sorted into morphospecies and all specimens were assigned to different functional groups: Subordinate Camponotini (SC), Hot-climate Specialists (HC), Coldclimate Specialists (CC), Cryptic Species (Cr), Opportunists (Op), and Generalized Myrmicinae (GM -Andersen 1995). Although this classification still suffers from problems of interpretation, it has also gained acceptance in the Mediterranean region (Gómez et al. 2003 , Ottonetti et al. 2006 , Azcarate & Peco 2012 .
Statistical analyses
Ant species richness (S) was measured as the observed number of species per district, site and trap. Species richness at different scales was analysed by a two-tailed t-test to examine significant differences between the two districts using Statgraphics Plus ® ver. 5.1 (Statistical Graphics Corp. 2001). The Chao-2 non-parametric estimator (Colwell 2006 ) of asymptotic richness was estimated for each district, and species accumulation curves (999 permutations) were generated to evaluate the adequacy of the sampling using EstimateS ver. 9.1.0 (Colwell 2006) .
The counts of workers from each single trap retrieved each month were reduced to the presence/absence to down-weigh the contributions of quantitatively dominant species and to avoid the effects of mass catches due to any traps that might have been accidentally placed close to nest entrances or foraging trails. In order to exclude capture variations due to the seasons, all incidence data were pooled over the sampling period. Statistical analyses were therefore based on the frequency of each species, i.e., the number of pitfall traps per site where each species was collected throughout the entire survey.
Non-metric multidimensional scaling (NMDS), based on Bray-Curtis dissimilarity measures, was used to examine the variation in the ant community composition between the two districts.
The non-parametric analysis of similarities (ANOSIM) was performed in order to test for any differences in ant assemblages among sites, within and between districts. The species/functional groups contributing the most to dissimilarities among sites and districts were identified using the similarity percentage (SIMPER) routine (Warwick et al. 1990 ). Multivariate analyses were run using the Primer ver. 6 package (Clarke & Gorley 2006) . For each forest district, BrayCurtis indices of dissimilarity (dBC) were also computed using the occurrence-based matching components. Dissimilarities were portioned into the balanced variation component (dBC-bal) and gradient component (dBC-gra), representing the degree of substitution by a species from site to site (i.e., turnover), and species nestedness in incidence-based patterns, respectively (Baselga 2013).
Analyses were performed following Baselga (2013) using the "betapart" package (Baselga & Orme 2012) in R (R Development Core Team 2011). Finally, beta diversity was estimated by computing the average dissimilarities, separately for Bray-Curtis dissimilarities and its components, in ant assemblages among all pairs from sites of each cork oak district (Anderson et al. 2011) .
Results
The pitfall traps caught a total of 13,501 ant workers. Throughout the entire survey, 25 and 18 species were recorded in Gallura and Maâmora forests, respectively. The 38 species recorded in this study were assigned to six functional groups (Tab. 2). The sample-based rarefaction curves were close to their plateau, thus indicating an adequate sampling in terms of estimating the number of ant species (Fig. 1) . The Chao-2 estimators showed that the species richness at the district scale was higher in Gallura (mean ± SD: 26.12 ± 1.77) than in Maâmora (mean ± SD: 18.00 ± 0.04). In addition, the richness was slightly underestimated for Gallura, probably as a consequence of a higher number of singletons and doubletons. In contrast, species richness per pitfall trap was over two times higher in Maâmora than in Gallura (16.02 ± 1.68 vs. 7.25 ± 2.03; t = 16.81, df = 47, p < 0.01). Significant differences were also found at the site scale with a higher species richness in Maâmora (17.17 ± 0.41 vs. 14.5 ± 2.07; t = 3.11, df = 5, p = 0.03).
Five species were shared between Gallura and Maâmora (C. lateralis, C. truncatus, C. scutellaris, P. pallidula, and T. simrothi), contributing to 27.4% of the total number of occurrences. Summarizing the occurrences in the two districts, the most frequent species were C. scutellaris (7.9%), T. simrothi (5.8%), C. lateralis (5.5%), A. senilis (4.2%), A. theryi (4.2%), C. truncatus (4.2%), C. auberti (4.2%), and A. spinosa (4.1%), thus representing about 40% of the total number.
As a consequence, a distinct and reliable separation in the NMDS plots between assemblages in Gallura and Maâmora was clearly visible at the species level. In addition, a good ordination was also obtained at the functional group level, as shown by the low stress value obtained (Fig. 2) . However, groupings of site data were not distinguishable within the Maâmora district, where samples overlapped. One-way ANO-SIM was performed separately in order to test for differences in ant assemblages between and within each district, thus providing an indirect estimation of beta diversity. The analysis confirmed the differences between the districts in catch composition (based on species and functional groups) showed by the ordination plot. Based on species, ant assemblages differed widely (district as factor: R = 0.99, p < 0.001; site as factor: R = 0.58, p < 0.001). However, ant assemblages did not vary within Maâmora (R = 0.01, p < 0.03), whereas differences were detected among the sites in Gallura (R = 0.27, p < 0.001). These differences were also detected with functional groups (district as factor: R = 0.32, p < 0.001; site as factor: R = 0.20, p < 0.001). Ant functional groups did not differ among sites either in Gallura (R = 0.03, p < 0.03) or in Maâmora (R = 0.01, p < 0.20).
A SIMPER test, performed by comparing all pairs of sites and using the trap as the spatial scale, identified four taxa as typifyiForest 10: 707-714 709 iForest 10: 707-714 Tab. 2 -List of ants collected, functional group (FG) assigned, number of workers and species richness at the site scale for Gallura (G1-G6 sites) and Maâmora (M1-M6 sites 
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ing species of the Gallura district. A. spinosa, C. scutellaris (both species generally linked to arboreal habitats and open woodlands with a more complex structure), T. brevicorne, C. aethiops and Solenopsis fugax gave a cumulative contribution of 77.5% to the average Bray-Curtis similarity (58.2), i.e., the measure of variation in ant assemblages within the district. A similar result was obtained using the site as the spatial scale, however, the relative contribution of A. spinosa to the average similarity decreased from 22.2% (trap as spatial scale) to 17.9%. In Maâmora, the Bray-Curtis similarity was high (over 90%) and no group of typifying species was clearly identified (thirteen species contributed to 78.4% of the total similarity in the Maâmora district). Nevertheless, C. auberti, A. senilis, A. theryi, and C. scutellaris (species linked to open woodlands and grasslands) were the species that contributed most to the average similarity at the trap scale. The same pattern was observed at the site scale.
In terms of functional groups and traps, Opportunists were well represented in Gallura (about 27% average Bray-Curtis similarity) as well as Cryptic Species (over 23%). In Maâmora forest, Generalized Myrmicinae, Hot Climate Specialists, Opportunists and Subordinate Camponotini contributed equally to the average similarity (together about 70%), and the relative contribution of Cold Climate Specialists and Cryptic Species was very low. At the site scale, the relative importance of Opportunists decreased in Gallura, whereas no differences were detected for Maâmora in terms of the different scales.
Tab. 3 lists the percentage contribution of each district to the overall Bray-Curtis dissimilarity in terms of traps and sites (a measure of the differences among ant assemblages). The average dissimilarity at both spatial scales was low, and the assemblages of the two cork oak districts diverged above all in terms of the contribution of Hot-climate Specialists and Cold-climate Specialists. Tab. 4 reports the partition of beta diversity into the two separate components of spatial turnover and nestedness. In Gallura the turnover (dBC-bal) was higher than in Maâmora. However, using functional groups, the turnover decreased from fine to coarse spatial scales. Conversely, in Maâmora, beta diversity at the trap scale was primarily due to the dBC-gra component (i.e., nestedness) considering species and functional groups, whereas at the site scale, nestedness increased dramatically from species to functional groups.
Discussion
The cork oak woodlands of Gallura and Maâmora could be considered as similar agro-forestry systems in terms of characteristics, land uses and management. They are both located in the Mediterranean region and are predominantly used for cork production and livestock grazing. 
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Tab. 4 -Values of beta diversity and its separated components estimated as average Bray-Curtis dissimilarities (dBC), balanced variation in species/functional group occurrence (dBC-bal) and species/functional group gradient (dBC-gra), respectively. For each component, the relative contribution to the average Bray-Curtis dissimilarities (percentage of dBC) is also reported in brackets. However, both their historical land use and the intensity of exploitation are very different. In Gallura, the cork oak forest is comprised of uneven aged trees and the grass under the forest is still occasionally grazed. The cork is harvested manually every 10-11 years and strict rules regulate its exploitation. Despite an appreciable improvement in management practices, the Maâmora forest has deteriorated greatly and the integral conservation of some areas has recently been established in order to promote natural regeneration. The most recent project (Projet de rehabilitation de la Maâmora, 2005 Maâmora, -2014 was funded with approximately 25 million euros. A new management plan for the next decade (2015-2024) is being established. However, apart from the cork harvest, the other forest resources (i.e., wood, charcoal, tannin, aromatic and medicinal plants, and acorn harvesting) are still being exploited inappropriately (Fennane & Rejdali 2015) . The comparison of the ant community composition between the two districts provided new insights into the sensitivity of ants as bioindicators. The species richness observed in the Gallura district was comparable to those found in other Mediterranean oak woodlands (Gómez et al. 2003 , Castracani et al. 2010 , Satta et al. 2012 . Similarly, the species richness detected in Maâmora forest was very close to the results of a previous study based on a different sampling method (Bernard 1970) . Lower values of species richness were measured for the Gallura district at both trap and site scales. The mean species richness was significantly higher in Maâmora than in Gallura at both the trap and site scales. However, the overall species richness was higher in Gallura than in Maâ-mora. We attribute these scale-dependent differences to the higher environmental heterogeneity in Gallura, which positively influenced beta diversity.
As expected, the ant fauna from the cork oak woodlands of Morocco and Italy showed very notable differences at the species level. Considering exclusively the five species shared between the two districts, no differences were detected for C. scutellaris, the main arboreal species which is noxious to cork oak (Villemant & Fraval 1993 ). In contrast, P. pallidula, which is characterized by an efficient mass recruitment system (Cerdá et al. 1998) , and T. simrothi, a species very common in various agroecosystems (Bernard 1978 , Cerdá et al. 1998 , Verdinelli et al. 2007 , Lentini & Verdinelli 2012 , had a higher frequency in Maâmora than in Gallura. In addition, C. truncatus, an arboreal species associated with deadwood in cork oak woodlands (Villemant & Fraval 1993) , was common in Maâmora and contributed greatly to the Bray-Curtis average dissimilarity between districts. A. spinosa, collected in Gallura, and A. senilis, collected in Maâmora, but also common in the south of Sardinia (Verdinelli et al. 2007) , are ecologically close ruderal species which significantly contributed to the differences in assemblage composition between the two districts. At all Maâmora sites, C. viatica and Monomorium subopacum were captured by all the traps used during the survey. These are very common species in the endemic Moroccan Argan forest (El Keroumi et al. 2012) , as well as in the urban areas of Rabat, Kenitra and Fès, and in the most degraded areas of Maâmora (Bernard 1970) .
Two functional groups, Opportunists and Hot Climate Specialists, which were very common in Gallura and Maâmora, respectively, appeared to control the structure and dynamics of open cork oak woodland ant assemblages through their aggressive behavior and monopolization of resources under thermal stress (Cerdá et al. 1998 ). The relative contribution of Hot Climate Specialists in Maâmora might be related to the dry conditions of the habitat (Azcarate & Peco 2012) . In contrast, when the presence of these groups was reduced (e.g., by decreased insolation at ground level in the woodlands of Gallura, where a higher canopy cover was measured), Cryptic Species increased their relative frequency. This thermal effect might have been particularly intense and amplified in Maâmora, where the canopy cover is low and the soil is mainly sandy and has a very low organic matter content (Aafi et al. 2005) . According to the literature, Hot-Climate Specialists are also abundant in Maâmora, as a likely result of the combination of soil type and vegetation cover, which constitute the main determining factors of ant assemblages (Bestelmeyer & Wiens 2001 , Ríos-Casanova et al. 2006 ). Although we were not able to identify the drivers of spatial variation in the community composition in depth, the lack of significant differences in ant assemblages within the Maâmora district could be related to environmental and management factors.
In order to clarify this point, the Bray-Curtis index of dissimilarity was partitioned into the two separate components of spatial turnover and nestedness. In Gallura, dissimilarities were principally caused by the relative contribution of turnover, whereas the component with the highest contribution to general dissimilarity in Maâ-mora was nestedness. In Maâmora, the low values of dissimilarity among sites and the higher contribution of nestedness in the Bray-Curtis dissimilarities could be the consequence of a higher environmental homogeneity. Although the complexity and heterogeneity of the cork oak woodlands could have affected the efficiency of pitfall traps and the catchability of the different species (Melbourne 1999) , significant differences in the composition of ant assemblages were detected within the Gallura district at the species level.
The same trend was not observed in Maâ-mora where the low dissimilarity in ant composition among sites might be related to the general environmental homogeneity of the forest (Nafaa 2002) . This highlights the importance of maintaining the diversity in cork oak woodlands and mitigating the large-scale impacts of forest overexploitation. Sustainable ecosystems should be a major conservation objective, especially for fragmented landscapes with multiple landuses. In terms of sustainable forest management, moderate stocking rates, the establishment of temporary grazing-excluded areas and/or of nature reserves could promote plant and animal biodiversity. A longer-term cycle of cork extraction would facilitate the protection of the trees in the most exploited areas. In addition, cork harvesting should be avoided in areas where heavy defoliation, above all by lepidopteran pests, periodically occurs.
In this scenario, a well-managed cork oak system could have strategic importance, not only in terms of soil conservation and the wide array of environmental services it provides, but also for its crucial role in preserving biodiversity (Cruz & Barata 2011) . In fact, in the Gallura cork oak district, livestock breeding, agriculture and forestry coexist, despite the highly fragmented land ownership and the different management practises of the owners.
Conclusions
Our results highlighted the potential value of ants as bioindicators and their sensitivity to environmental changes in cork oak woodlands. The sampling method we employed enabled to collect mainly grounddwelling and epigeic species. Despite this limitation, pitfall traps also allowed to collect several species associated with the canopy layer, which showed how abundant they are in cork oak woodlands. However, it is possible that other sampling methods and/or multilayer sampling aimed at exploring different microhabitats would better describe the ant assemblages of open woodlands. The results reported by Hoffmann (2010) show that disturbance factors might have a secondary impact on ant assemblages, inducing changes restricted to species composition, but not necessarily affecting overall species richness or abundance.
Our results support the idea that the understanding of beta diversity and its underlying processes at multiple scales is therefore necessary, above all, for the management and conservation of biodiversity in cork oak woodlands. Functional groups showed a lower sensitivity than species in detecting differences between ant assemblages in Gallura and Maâmora. In addition, our results show that more detailed analyses of ant community dynamics are needed in order to improve the predictive power of the functional group approach. Accordingly, an in-depth understanding of the mechanism modelling the ant assemblages in response to different levels of exploitation is very important. In the Maâmora forest, where the widespread human impact
